Pseudomonasfluorescens 2-79 (NRRL B-15132) and its rifampin-resistant derivative 2-79RN10 are suppressive to take-all, a major root disease of wheat caused by Gaeumannomyces graminis var. tritici. Strain 2-79 produces the antibiotic phenazine-l-carboxylate, which is active in vitro against G. graminis var. tritici and other fungal root pathogens. Mutants defective in phenazine synthesis (Phz-) were generated by TnS insertion and then compared with the parental strain to determine the importance of the antibiotic in take-all suppression on wheat roots. Six independent, prototrophic Phz-mutants were noninhibitory to G. graminis var. tritici in vitro and provided significantly less control of take-all than strain 2-79 on wheat seedlings. Antibiotic synthesis, fungal inhibition in vitro, and suppression of take-all on wheat were coordinately restored in two mutants complemented with cloned DNA from a 2-79 genomic library. These mutants contained TnS insertions in adjacent EcoRI fragments in the 2-79 genome, and the restriction maps of the region flanking the insertions and the complementary DNA were colinear. These results indicate that sequences required for phenazine production were present in the cloned DNA and support the importance of the phenazine antibiotic in disease suppression in the rhizosphere.
Certain strains of fluorescent pseudomonads, when applied to planting material or soil, can provide biological control of root pathogens (1, 7, 13, 42, 44, 45, 49) . These beneficial pseudomonads colonize the root system and protect it against pathogens, thereby improving plant growth and yield (7, 13, 44, 45, 48) . Both fluorescent siderophores active in iron chelation (reviewed in references 1, 30, 36, and 42) and antibiotics (12, 18, 21, 22, 24) produced by the pseudomonads have been implicated as important mechanisms mediating pathogen suppression. Substantial evidence has accumulated to support the role of siderophores in disease suppression (2, 3, 27, 28, 41, 45, 51, 58) . However, the importance of antibiotics in these interactions between bacteria and pathogens in the rhizosphere is much less clearly established, partly because antibiotics never have been detected directly in natural rhizosphere soil (56, 57) .
Support for the role of antibiotics in biological control has come mainly from studies that have shown correlations between bacterial inhibition of pathogens in vitro and disease suppression in the soil. The evidence has sometimes been strengthened by additional biochemical or genetic data. For example, purified antibiotics identified as pyrrolnitrin (21) , pyoluteorin (22) , and geldanamycin (40) were used to correlate the activity spectrum of each antibiotic in vitro with control of specific target pathogens by the respective antibiotic-producing strains and to demonstrate that the antibiotics themselves were sufficient to limit disease. The amount of geldanamycin produced by Streptomyces hygroscopicus in sterile soil was sufficient to be detected directly, although it is unclear whether this would have been the case in natural soils where antibiotic stability and persistence generally are much lower (reviewed in reference 56). Studies involving mutants defective in antibiotic production also have supported the role of antibiotics in disease suppression * Corresponding author. (12) , especially when the chemical nature of the antibiotic is not known.
Pseudomonas fluorescens 2-79 (NRRL B-15132), isolated originally from the rhizosphere of wheat, has been shown (50, 52) to suppress take-all, a major root and crown disease of wheat and barley (47) caused by the fungal pathogen Gaeumannomyces graminis var. tritici. At least part of this suppressiveness is correlated with fungal inhibition in vitro, since mutants of strain 2-79 defective in inhibition are also reduced in suppressiveness on plants (13; D. M. Weller, W. J. Howie, and R. J. Cook, Phytopathology, in press ). An antibiotic isolated from strain 2-79, phenazine-1-carboxylate, is active in vitro against G. graminis var. tritici and several other wheat root pathogens at concentrations as low as 1 ,ug/ml (6, 17) . The purpose of this study was to determine the importance of the phenazine antibiotic in suppression of G. graminis var. tritici by 2-79 on wheat roots. Transposon mutagenesis was used to generate mutants defective in phenazine synthesis, and the wild-type and mutant derivatives then were compared for their ability to suppress take-all.
MATERIALS AND METHODS
Organisms, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are shown in Table 1 . P. fluorescens 2-79 and its rifampin-resistant derivative 2-79RN10 have been described previously (50, 52) . P. fluorescens strains were grown at 20 or 28°C on nutrient broth yeast extract (NBY) medium (15) or on the defined medium of Kanner et Transconjugants were replicated onto KM agar to test for auxotrophy. Specific nutritional requirements were identified as described previously (19) . Fluorescence was determined on KMB agar, and phenazine antibiotic production was scored visually (the antibiotic is pigmented; see below) on either homemade PDA (200 g of potato, 15 g of dextrose, and 15 g of agar per liter) prepared as described previously (15) , commercial PDA (Difco Laboratories, Detroit, Mich.), or KM-PDA.
Measurement of phenazine production. Phenazine antibiotic production in vitro was assayed in broth cultures grown for 24 h at 20°C in KM broth or NBY broth supplemented with glucose to a final concentration of 2%. Samples of cultures were extracted twice with equal volumes of benzene. Absorbance of the pooled extracts was determined spectrophotometrically at 349.5 nm, and readings were converted to micrograms of phenazine-1-carboxylate from a standard curve prepared with the purified antibiotic (17) . Antibiotic concentrations were expressed relative to the total protein of the producing cultures, assayed by the Bradford method (5). Phenazine antibiotic production on plates was indicated by colony pigmentation and the presence of a dark zone in the medium surrounding producing colonies examined under longwave (365-nm) UV irradiation. As little as 0.25 to 0.5 ,ug of purified antibiotic (17) "birdshot" aggregates and deposited yellow crystals in the underlying agar on PDA, the medium initially used to detect antibiotic synthesis. However, the presence, color, and amount of phenazine produced varied greatly with the age of the cultures and media, the thickness of the agar, the source of potato extract (commercial or homemade), the distance of the colony from the edge of the plate, and other undefined conditions. The antibiotic was produced consistently and could be screened reliably on KM medium, on which colonies producing the phenazine appeared yellow after 4 days. On plates of KM supplemented with potato extract (KM-PDA), finely dispersed dark green granules were present within the colonies after 6 to 7 days. The antibiotic also was detectable in amounts as small as 0.25 to 0.5 ,ug in the agar surrounding colonies examined under longwave UV irradiation.
Fewer than 0.3% of transconjugants examined were altered in phenazine production. The majority of these still produced the antibiotic but in reduced amounts as estimated from the intensity and diameter of the UV-absorbing shadow zone surrounding colonies on KM agar. Six prototrophic TnS mutants unable to produce detectable phenazine were isolated from seven independent matings, resulting in more than 6,000 transconjugants. These mutants failed to inhibit growth of G. graminis var. tritici in vitro (Fig. 1, Table 2 ). No mutants were found with apparent qualitative changes in pigmentation that might indicate the accumulation of other phenazines, possibly biosynthetic intermediates.
Role of the phenazine antibiotic in suppression of take-all. To determine the importance of the phenazine antibiotic in suppression of take-all, 2-79RN10 and Phz-mutant derivatives were compared in the tube assay for their ability to control the disease on wheat seedlings. Plants grown from seed treated with Phz-mutants had significantly more take-all, as indicated by increased numbers of root lesions and reduced shoot heights, than plants grown from seed treated with the parental strain (Fig. 2, Table 2 ). Although disease severity varied among experiments, the disease ratings of mutant-treated seedlings were generally intermediate between those of the parental strain (least disease) and the methylcellulose control (most disease). These results suggest that the phenazine antibiotic is a major determinant but not the sole factor responsible for suppression of G. graminis var. tritici by strain 2-79RN10.
Root colonization by Phz-mutants. Since the reduced suppressiveness of Phz-mutants could be due to their inability to establish and/or maintain significant populations on the roots, studies were carried out to evaluate the competitiveness of Phz-mutants in the rhizosphere. Comparable numbers of 2-79RN10 and the Phz-mutants were recovered from colonized segments along the length of roots regardless of whether the assays were conducted in steamed or natural soil (Table 3) . These results indicate that the mutants do not differ significantly from the parental strain in ability to colonize wheat roots even when in competition with the normal soil microflora (natural soil). Physical characterization of TI5 insertions. The site of TnS insertion in total DNA from each mutant was determined by Southern blot analysis with 32P-labeled pRZ102 as the hybridization probe. Only one EcoRl fragment with homology to the probe was present in each mutant (Fig. 3A) except for 2-79-611, in which homology to TnS was not detected (data not shown). None of the mutants contained sequences homologous to 32P-labeled pCU101 (data not shown), the vector from which pRZ102 was derived (46) , indicating that the vector itself was not inserted in the mutants. Among the six Phz-mutants, 2-79-99 and 2-79-21455 both contained TnS in 16.7-kb EcoRI fragments, and the remaining four mutants had insertions into unique EcoRI fragments ranging from 0.6 to 12.2 kb in size (Table 4 Pierson, and L. S. Thomashow, unpublished data), and it is assumed that these fragments are of chromosomal origin. Additional restriction mapping of the genomic sequences flanking the insertion sites in 2-79-99 and 2-79-21455 with HindIII, BamHI, BglII, and KpnI suggested that these mutants contain Tn5 in distinct EcoRI fragments of the same apparent size (data not shown).
Complementation of phenazine antibiotic production. A total of 1,021 EcoRI cosmid clones containing 2-79RN10 genomic DNA averaging 30 kb in size were screened by complementation assays to identify clones that could restore the ability to produce the phenazine antibiotic. Three cosmids, pPHZ49-1, pPHZ3-304, and pPHZ102-55 complemented the pigmented phenotype and restored fungal inhibition fully in mutants 2-79-B46 and 2-79-782 and partially in mutants 2-79-99 and 2-79-2510. Representative data for one cosmid, pPHZ49-1, are shown in Table 4 . A third plasmid, pPHZ3-384, partially restored phenazine production and fungal inhibition only to 2-79-21455 when the strain was grown on agar plates. Relatively little antibiotic was produced in the broth cultures used to measure phenazine production (Table 4) . Qualitative and quantitative differences in phenazine production as a function of growth conditions, including aeration, have been reported previously for pseudomonads (17, 20, 26) . Mutant times in experiment 4 . Sections of seminal roots 1 to 3, 3 to 5, or 5 to 7 cm below the seed were sampled 11 to 13 days after planting. Means were calculated after log transformation (base 10) of the population in each replicate. Means (for each segment) within each experiment are not significantly different (P = 0.05) based on an F test. conjugated poorly and was not complemented. Among the complemented mutants, the plasmids that restored phenazine production were consistent and reproducible in the degree of restoration they conferred and could be recovered without apparent structural rearrangement from the complemented transconjugants.
The cosmid vector pLAFR3 and its derivative plasmids
were not stably maintained in P. fluorescens 2-79RNIO in the absence of tetracycline selection. Thus, to evaluate the ability of the complemented mutants to suppress take-all on wheat, it was necessary to recombine the cosmid-borne sequences required for phenazine production back into the genomes of the various restored mutants. Restoration of the wild-type phenotype by recombination, concomitant with loss of the TnS Kmr marker, is also indicative of homology between the complementing cosmid and the TnS-containing sequences, since recombination can occur only when the wild-type allele of the mutated gene has been cloned. Of the various mutant-plasmid combinations for which fungal inhibition was restored in trans (Table 4) , restoration of the pigmented phenotype by homologous recombination occurred only in mutants 2-79-B46 and 2-79-782 complemented with cosmid pPHZ49-1, pPHZ3-304, or pPHZ102-55. Restored strains 2-79-B46R and 2-79-782R, obtained by recombination with pPHZ49-1, were Tcs and Kms, consistent with the loss of pLAFR3 and the Tn5, respectively. Both strains produced wild-type levels of the phenazine antibiotic, were fully inhibitory to G. graminis var. tritici in vitro (Fig. 1 , Table 4 ), colonized roots efficiently (Table 3) , and were as effective as the parental 2-79RN10 in suppression of take-all electrophoresed for 17 h at 22 V in 0.75% agarose, transferred to nitrocellulose, and hybridized with 12 P-labeled pRZ1O2 (A), pPHZ49-6 (B), or both probes (C). Fragment sizes are indicated in kilobases. The two probes hybridized to different fragments in DNA from four of the mutants (lanes 7 through 10), indicating that Tn5 was present in fragments other than those homologous to pPHZ49-6. 2-79-42355 (lane 9) contained the TnS5 in an EcoRI fragment of 12 kb (A) that comigrated with the 12.2-kb fragment homologous to pPHZ49-6 (C). Both probes hybridized to the same fragments in 2-79-B46 and 2-79-782 (lanes 3 and 5), but in B46R and 782R (lanes 4 and 6) the fragments homologous to pPHZ49-6 were reduced to the size of those from the parental strain (B, lane 1) and TnS was no longer present (A, lanes 4 and 6). ( Table 2 , Fig. 2 ). The coordinate restoration of phenazine antibiotic production and disease suppressiveness in these strains further supports the importance of the antibiotic as a mechanism of take-all suppression. Mutants 2-79-99, 2-79-2510, and 2-79-21455 did not lose resistance to kanamycin, nor were they restored to the pigmented phenotype by homologous recombination with any of the cosmids that complemented antibiotic production in trans. These results indicate that the sequences present in the complementing cosmids do not correspond to those containing TnS in the three mutants. Structural analysis of pPHZ49-1 and corresponding genomic regions in 2-79RNIO and Tn5 mutants. Restriction maps were constructed to verify that the cloned sequences in pPHZ49-1 were homologous to the genomic loci bearing Tn5 insertions in 2-79-B46 and 2-79-782, as was indicated by restoration of phenazine production by recombination in these mutants. The restriction map of the cloned insert in pPHZ49-1 was colinear with a map of genomic DNA from 2-79-B46 and 2-79-782 deduced from Southern blot analyses in which 32P-labeled pRZ102 was the hybridization probe (Fig. 4) . The alignment of restriction sites in the genomic sequences flanking the sites of TnS insertion in the mutants indicated that the 0.6-and 12.2-kb fragments into which TnS had inserted in 2-79-B46 and 2-79-782, respectively, were contiguous in the genomic DNA as well as in the cloned parental DNA. Cosmids pPHZ3-304 and pPHZ102-55 lacked the leftmost 7.9-kb EcoRI fragment of pPHZ49-1, but contained the 0.6-and 12.2-kb fragments, which presumably accounts for the ability of these cosmids to restore phenazine production in 2-79-B46 and 2-79-782 after recombination. There was no homology between the, cloned 2-79RN10 sequences in the recombinant plasmids pPHZ49-1 and pPHZ3-384 (data not shown).
Mutants 2-79-99 and 2-79-2510, which were only partially complemented by pPHZ49-1 but which could not be restored by homologous recombination, contained Tn5 in EcoRI fragments of 16.7 and 3.4 kb, respectively (Fig. 3A) . No EcoRI fragments of these sizes were present in pPHZ49-1, and the restriction maps of the genomic sequences flanking the TnS insertion sites in the mutants did not align with the plasmid map. Similarly, there was no apparent alignment of restriction sites in the maps of pPHZ384-1 and the genomic region flanking TnS in 2-79-21455 (data not shown). Southern blot analyses in which 32P-labeled pPHZ49-6 (which contains an internal 7.8-kb BamHI fragment cloned from pPHZ49-1) was hybridized with DNA from 2-79-99 and 2-79-2510 also demonstrated that the mutated and complementing sequences were nonhomologous (Fig. 3B) . The cloned probe hybridized with EcoRI fragments in both mutants of 0.6, 10.0, and 12.2 kb, the same sizes as were present in DNA from wild-type 2-79RN10 and in pPHZ49-1 (Fig. 3B) . Rehybridization of the blot with the TnS probe 32P-pRZ102 (Fig.  3C ) revealed additional bands of 22 and 9.2 kb in 2-79-99 and 2-79-2510, respectively, which contained TnS. These blots also showed that bands of 6.3 and 18 kb, representing TnS inserted into EcoRI fragments of 0.6 and 12.2 kb in the mutants 2-79-B46 and 2-79-782, respectively, were not present in the recombinationally restored strains 2-79-B46R and 2-79-782R (Fig. 3A) . Instead, these strains contained fragments of 0.6 and 12.2 kb, indistinguishable from those present in DNA from the parental strain (Fig. 3B) It is presently unclear whether the mutants described here are impaired specifically in phenazine synthesis per se. The phenazines are products of the aromatic amino acid biosynthetic pathway, with chorismate as the branch point intermediate (11, 32) . Phenazine production can approach several hundred milligrams per liter in 24 h (31; L. S. Thomashow and L. S. Pierson, unpublished data), and it is likely that mutations in intermediary metabolism or aromatic biosynthesis could significantly limit chorismate availability for phenazine synthesis. Related pathways can dramatically influence antibiotic biosynthesis as illustrated in recent studies (18, 24) with glucose dehydrogenase mutants of P. fluorescens HV37a that assimilated glucose by an alternative pathway but no longer produced an antibiotic effective against Pythium ultimum in vitro. The Phz-strains described in this study were prototrophs with normal growth rates in minimal media and were unimpaired in their ability to colonize roots effectively ( Table 3 ), indicating that the various introduced mutations did not detectably influence growth in vitro or in the rhizosphere. However, until mutations specifically within the phenazine pathway are characterized, the possibility remains that the mutants described in our study may be defective in activities other than phenazine synthesis that could contribute to the overall suppressiveness of strain 2-79RN10. One such factor, the fluorescent siderophore active in other biocontrol and plant growthpromoting systems, was produced in normal amounts on KMB by all of the mutants. A recent study (Weller et al., in press) suggests that the fluorescent siderophore produced by strain 2-79RN10 has a role in biological control of take-all. These results suggest that the siderophore may also account for at least part of the residual suppressiveness exhibited by Phz-mutants in the tube assay.
An unusual and somewhat surprising result of this study is that the Phz-mutants 2-79-99 and 2-79-2510 were complemented in trans by sequences in pPHZ49-1 lacking detectable homology with those flanking the sites of TnS insertion.
A possible explanation for these examples of phenotypic compensation is that the complementing sequences encode enzymes with functions similar or identical to those encoded by the mutated DNA. One point in the biosynthetic pathway leading to the phenazines where this could occur is the allosteric enzyme 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase, which catalyzes the first step in the common aromatic pathway. Pseudomonads of taxonomic group Ib, which includes P. fluorescens (10) , have two isozymes of DAHP synthase (53, 54) that control carbon flow through the pathway and represent its primary point of regulation (8, 9, 54) . One or both of the genetic loci in the mutants might also regulate phenazine production either directly or by modulating the activity of peripheral pathways that affect antibiotic synthesis. A genetic analysis of phenazine production in strain 2-79RN10 involving additional mutants and cloned TnS-containing and wild-type sequences is currently underway and should help to resolve this question.
